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1 Introduction
Over the past two years, the LHC experiments reported overwhelming evidence for the
existence of a new particle, with a mass of approximately 126 GeV. The new particle’s
properties appear roughly consistent with the Higgs boson, predicted by the Standard
Model (SM) and incorporated in many of its popular extensions, such as supersymmetric
(SUSY) models. However, in the Minimal Supersymmetric Standard Model (MSSM), the
mass of the observed particle, well in excess of the upper bound on the tree-level Higgs
mass inherent in the structure of the model, leads to well-known tension with natural-
ness. (Actually, the observation of the 126 GeV Higgs just exacerbated the already serious
fine-tuning issue faced by the MSSM since the LEP-2 experiment in the late 1990’s [1].)
This tension led to a revival of interest in non-minimal realizations of SUSY at the weak
scale. Arguably the simplest among such extended constructions is the Next-to-Minimal
Supersymmetric Standard Model (NMSSM), which will be the focus of this paper. In the
NMSSM, additional contributions to the tree-level Higgs mass, not present in the MSSM,
are generated, allowing to accommodate a 126 GeV Higgs with significantly less fine-tuning.
The particle content of the NMSSM consists of all fields of the MSSM, plus a chiral
superfield Sˆ, uncharged under any of the SM gauge groups. (For a recent comprehensive
review, see ref. [2].) In the simplest version of the theory, which we study here, the Higgs
sector superpotential has the form
W = λSˆHˆu · Hˆd + κSˆ3 , (1.1)
where Hˆu and Hˆd are the usual Higgs superfields, λ and κ are dimensionless coefficients,
and we defined the SU(2) index contraction A · B ≡ abAaBb. This is the most general
superpotential consistent with a Z3 discrete symmetry under which each of the three su-
perfields is charged. Note that the µ-term of the MSSM is forbidden by this symmetry;
– 1 –
J
H
E
P04(2014)108
instead, an effective µ-term is generated when the scalar component of the field Sˆ gets a
vacuum expectation value (vev). This term, in turn, drives electroweak symmetry breaking
(EWSB). The tree-level F-term scalar potential contains mass terms for the Higgs fields,
proportional to λ2; it is these terms, absent in the MSSM, that lift the Higgs mass and
reduce fine-tuning.
Numerical values of λ and κ are free parameters. Traditionally, studies of the NMSSM
focused on the region where λ <∼ 0.7. (Here, and throughout the paper, all numerical values
of parameters will refer to their weak-scale values, unless explicitly specified otherwise.)
In this region, the model remains perturbative up to the grand unification (GUT) scale,
of order 1016 GeV. However, this requirement limits the size of the F-term contribution
to the Higgs mass, and the issue of naturalness for a 126 GeV Higgs can be addressed
only partially. To reduce fine-tuning further, consider the variation of the model in which
one does not require perturbative grand unification. In this scenario, λ is allowed to
hit a Landau pole below the GUT scale, so that larger values of weak-scale λ are allowed.
(Nevertheless, models with precision gauge coupling unification can still be constructed [3].)
Imposing the requirement that the Landau pole does not occur below 10 TeV, which would
very likely lead to conflict with precision electroweak tests of the SM, yields a requirement
λ <∼ 2.0. The NMSSM with 0.7 <∼ λ <∼ 2.0 has been dubbed λ-SUSY [4]. This model can
easily accommodate a 126 GeV Higgs, with no need for a significant top-loop contribution
to the quartic. Moreover, it has another advantage: the sensitivity of the weak scale to
the stop mass scale is reduced by a factor of ∼ (g/λ)2, compared to the MSSM [4–6].
(Here g is the SM weak gauge coupling.) This means that the lower bound on the stop
mass imposed by the LHC direct searches (currently about 700 GeV, assuming a small
LSP mass) has milder implications on fine-tuning in this model than in the MSSM or the
NMSSM with λ <∼ 0.7. Motivated by these arguments, we will focus on the λ-SUSY regime
of the NMSSM in this paper.
While the sensitivity to the stop mass is reduced at large λ, an additional fine-tuning
among tree-level parameters of λ-SUSY is necessary to accommodate the 126 GeV Higgs
mass, as pointed out in [7, 8]. In this paper, we will show that the required fine-tuning is
further increased when the LHC constraints on the Higgs couplings are taken into account.
In λ-SUSY, the structure of the 126 GeV “Higgs boson” is quite complex: in general, it
can be a mixture of three gauge eigenstates, two SU(2) doublets and one singlet. For large
values of λ, such mixing is in fact necessary to obtain a 126 GeV Higgs [5, 7]. This structure
results in deviations of the Higgs couplings from SM predictions. We will systematically
explore these deviations,1 and conclude that generically, their magnitude is inversely corre-
lated with the amount of fine-tuning required to accommodate the observed Higgs mass. In
the most natural regions of the parameter space, the 126 GeV Higgs has large admixtures
of both the weak singlet and the non-SM weak doublet Higgs states. As a result, such
natural regions are already ruled out by the LHC Higgs rate measurements. Future experi-
ments at the LHC, including a luminosity upgrade, and possibly at a next-generation e+e−
“Higgs factory”, such as the proposed International Linear Collider (ILC), will improve the
1Constraints on the NMSSM from the LHC Higgs couplings measurements have been previously studied
in refs. [9–13]; however, questions of naturalness were not considered in those papers. Constraints on the
NMSSM from the early h→ γγ data, and their fine-tuning implications, were considered in [14].
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coupling measurement precision from the current 20–30% to ∼ 1% in many cases [15, 16].
As precision improves, either a deviation from the SM will be discovered, or λ-SUSY will
become progressively more fine-tuned.
Interestingly, we find one possible exception to these trends, a very small “anomalous”
region of the parameter space where relatively low fine-tuning (∼ 1/10) can be achieved.
However, while this is intriguing, our tree-level analysis is not sufficiently accurate to
establish the stability of the EWSB vacuum, as well as consistency with the LHC Higgs
data, in this region. Further work is required to address this issue.
The paper is organized as follows. We briefly describe the model, and discuss the
theoretical and experimental constraints determining the viable region of its parameter
space, in section 2. Section 3 describes the quantitative measure of fine-tuning used in our
analysis. The results of the analysis are presented in section 4, which discusses the case
tanβ = 1, which can be treated almost completely analytically, and in section 5, which
presents the results of our numerical exploration of the full parameter space. The scatter
plots in that section illustrate the main conclusions of the paper. The main conclusions
are summarized in section 7.
2 The model
We work in the setup of the “scale-invariant” NMSSM, with the superpotential given in
eq. (1.1), and follow the notation of refs. [2, 7]. The scalar potential for the Higgs fields
Hu, Hd and S is given by the sum of the usual F- and D-term contributions, and the soft
SUSY breaking terms:
Vsoft = m
2
u|Hu|2 +m2d|Hd|2 +m2S |S|2 +
(
λAλSHu ·Hd + 1
3
κAκS
3 + h.c.
)
. (2.1)
In all, the Higgs sector Lagrangian contains 7 free parameters:
pi =
{
λ, κ,m2u,m
2
d,m
2
S , Aλ, Aκ
}
. (2.2)
We will assume all parameters to be real; there is neither explicit nor spontaneous CP
violation in the Higgs sector of this model [17]. In the realistic vacuum (i.e. a stable
vacuum exhibiting EWSB) the neutral components of Hu and Hd, as well as the singlet
field S, get vacuum expectation values (vevs): 〈Hu〉 = vu, 〈Hd〉 = vd, 〈S〉 = s, where
v ≡
√
v2u + v
2
d ≈ 174 GeV. These vevs are obtained from the minimization equations of the
Higgs potential
E1 ≡ m2Hu + µ2 + λ2v2d +
g2
2
(
v2u − v2d
)− vd
vu
µ(Aλ + κs) = 0 ,
E2 ≡ m2Hd + µ2 + λ2v2u +
g2
2
(
v2d − v2u
)− vu
vd
µ(Aλ + κs) = 0 ,
E3 ≡ m2S +
κ
λ
Aκµ+ 2
κ2
λ2
µ2 + λ2
(
v2u + v
2
d
)− 2λκvuvd − λ2vuvdAλ
µ
= 0 , (2.3)
where m2Z = g
2v2, µ = λs. We defined g2 =
(
g21 + g
2
2
)
/2 ≈ 0.52, where g1 and g2 are the
SM U(1)Y and SU(2)L couplings respectively.
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Expanding around the vacuum yields the physical Higgs fields: three CP-even and two
CP-odd electrically neutral states, plus one charged Higgs. (An additional 2 neutral and 1
charged degrees of freedom are the Goldstone bosons absorbed by the SM gauge bosons.)
For the CP-even fields, it is convenient to work in the basis
(
h0v, H
0
v , h
0
s
)
, defined by
H0u = vu +
1√
2
(
sinβ h0v + cosβ H
0
v
)
,
H0d = vd +
1√
2
(
cosβ h0v − sinβ H0v
)
,
S = s+
1√
2
h0s , (2.4)
where tanβ = vu/vd. The advantage of this particular basis is that, of the three fields, only
h0v has tree-level couplings to the SM W/Z bosons. Since these couplings have been shown
experimentally to exist for the 126 GeV particle, with strengths roughly consistent with
the SM expectations, it is clear that the 126 GeV boson has to at least have a significant
component along h0v. In other words, if we write the 126 GeV mass eigenstate as
h0126 = αhh
0
v + αHH
0
v + αsh
0
s , (2.5)
and define the “non-SM doublet admixture” D = |αH |2 and the “singlet admixture” S =
|αs|2, the LHC data puts constraints on D and S. These constraints, based on our fit to
the rates reported by the LHC and TeVatron experiments [18–37], are shown in figure 1.
The constraints depend on the value of tanβ, which enters into the couplings of h0v and
H0v to SM fermions. We show the constraints for tanβ = 1 . . . 4; this is the range most
interesting in λ-SUSY, as will be discussed later. The value of D allowed by the fits varies
between 1% and 10% depending on tanβ, with the exception of a narrow strip at larger D
which is allowed at a 2σ level. (In this strip, the Higgs couplings to SM fermions happen
to have their SM values up to an overall phase of −1.) The maximum allowed mixing with
the singlet is always around 30–50%. In summary, the data essentially points to the h−H
decoupling limit, while still allowing large singlet mixing.
In the
(
h0v, H
0
v , h
0
s
)
basis, the CP-even Higgs mass2 matrix is given by
M2=
λ2v2 sin
2 2β+m2Z cos
2 2β 12
(
λ2v2−m2Z
)
sin 4β 2λv
[
µ−(κs+ 12Aλ) sin 2β]
· (m2Z−λ2v2) sin2 2β+ 2Bµsin 2β −2λv (κs+ 12Aλ) cos 2β
· · κs(4κs+Aκ)+ v22sAλλ sin 2β
.
(2.6)
Here we used the potential minimization conditions (2.3) to trade the parameters m2u, m
2
d
and m2S for mZ , tanβ, and s, and defined µ = λs and B = Aλ + κs. We will require that
the lowest eigenvalue of this matrix is m2h = (126 GeV)
2. One of the model parameters can
then be eliminated in favor of mh; a convenient choice is to eliminate Aκ, since it enters
linearly into the characteristic equation for m2h, and is thus unambiguously fixed.
Before proceeding, we note that the mass matrix above, and all other formulas used
in the bulk of the analysis of this paper, are tree-level only. Loop corrections can be
important [38–40]. In particular, top and stop loops can give a substantial contribution
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Figure 1. LHC bounds on the non-SM doublet admixture D and singlet admixture S in the
126 GeV Higgs particle. Green and yellow regions correspond to 68% and 95% C.L. allowed by
Higgs data fit.
to the CP-even Higgs masses. In the gauge basis, i.e. before the rotation of eq. (2.4), the
one-loop correction to the mass of the up-type Higgs boson has the form
δm2 ≈ 3y
2
tm
2
t
4pi2
ln
mt˜1mt˜2
m2t
, (2.7)
where mt˜i are the masses of the two stops, and mt˜  mt is assumed. Upon rotation, this
term contributes to the upper-left 2 × 2 block of the mass matrix (2.6). We will briefly
consider the effect of this correction at the end of the paper, and show that our qualitative
conclusions do not change for reasonable values of stop masses. We will not consider
corrections due to loops of the Higgs-sector fields themselves. While possibly significant
due to large values of λ of interest, these loops depend sensitively on the masses of the
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Figure 2. The allowed region in the λ − κ plane. The boundary, denoted by the blue curve,
is obtained by requiring no Landau pole below 10 TeV, as estimated through RG running of the
couplings at two loops [2, 41, 42]. The black dashed curve shows the analytic approximation to the
boundary, eq. (2.9).
Higgs-sector superpartners, which are at present very poorly constrained by the data. We
leave a detailed analysis of the loop corrections for future work.
To summarize, the Higgs sector of our model (at tree level) is completely described by
five parameters:
{λ, κ, tanβ, s,Aλ}. (2.8)
The region of interest in this space is determined by the following considerations:
• 1.0 <∼ λ <∼ 2.0: as already explained in the Introduction, this is the interesting region
for λ-SUSY. It should be emphasized that the reduction of sensitivity of the weak
scale to the stop mass, an important advantage of the model, is maximized at larger
λ, scaling as ∼ (λ/g)2.
• κ: while |κ| <∼ 0.65 is required in the NMSSM to avoid a Landau pole below the
GUT scale, this consideration is no longer relevant in λ-SUSY, and considerably
larger values of κ can be realized. For a given value of λ, the maximum possible
weak-scale value of κ can be estimated by requiring that κ does not hit a Landau
pole below 10 TeV. We use two-loop renormalization group (RG) equations [2, 41, 42]
to perform this estimate. The allowed region in the λ−|κ| plane is shown in figure 2.
The boundary can be conveniently approximated as
0.17λ2 + 0.26κ2 = 1 . (2.9)
• 1 ≤ tanβ ≤ 4: precision electroweak constraints disfavor tanβ >∼ 4 [4, 8, 43]. In
addition, the reduction of sensitivity of the weak scale to the stop mass is lost at
large tanβ, motivating tanβ ∼ 1.
• s, Aλ: these two dimensionful parameters can in principle take any value. However
it is clear that taking them well above the weak scale would result in increased fine-
tuning. We will consider |s|, |Aλ| ≤ 10 TeV.
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Furthermore, only a subset of this parameter space describes realistic models. To
identify this subset, we impose the following constraints:
• Lightest CP-even Higgs is the 126 GeV state, and there are no CP-even tachyons.
Another interesting case in which the lightest scalar is mostly singlet with mass
below 126 GeV has been recently explored [7, 44–48]. However this only occurs for
low values of λ, outside of the region of interest in this paper, and we will not consider
this possibility.
• No tachyonic CP-odd or charged states (the CP-odd and charged Higgs masses are
given in [2, 7]). Note that the LHC searches for the CP-odd Higgs [49] are not relevant
for our analysis, since in the MSSM, they do not place a bound below tanβ < 5, while
in the NMSSM these bounds will be further weakened by the reduction of the CP-odd
Higgs production cross sections due to mixing with the CP-odd singlet.
• Doublet and singlet admixtures in the 126 GeV Higgs consistent with the fit to the
LHC Higgs data, at 95% c.l. (see figure 1).
• Chargino mass above LEP-2 bound mχ+ ≥ 94 GeV [50]. Note that the chargino
masses also depend on the wino mass parameter M2, which is unconstrained in our
analysis. However the eigenvalues cannot get lower than
√
µ2 + g22v
2 sin 2β/2, which
corresponds to the choice M2 = −µ. We therefore impose a conservative lower bound
|µ| ≥
√
(94 GeV)2 − g22v2 sin 2β/2. Note that the bounds from a direct electroweak-
ino search at the LHC place a bound as strong as 300 GeV on mχ+ , but only in the
case of a very light LSP; in fact the bound disappears completely for the LSP mass
above 75 GeV. In our model, the LSP mass is not very constrained: for example, if
the LSP is a bino, its mass is determined primarily by M1, which otherwise plays no
role in our analysis. We therefore do not take into account the LHC chargino bounds.
• The neutralino contribution to the invisible width of the Z boson is limited to be
less than one standard deviation of the measured neutrino contribution: ΓZ→χχ <
4.2 MeV if mχ < mZ/2 [51, 52]. This constraint depends sensitively on the bino mass
parameter M1, since the bino component of the neutralino does not couple to the Z,
reducing the contribution to invisible width. In our numerical analysis, we scan over
M1 to take this into account.
• Stability of the realistic EWSB vacuum with respect to tunneling into unrealistic
vacua [53, 54].
The last constraint deserves a more detailed discussion. The scalar potential of the
NMSSM has several local extrema. One of them is the “realistic” vacuum, with non-zero
values of vu, vd and s, and the observed values of mZ and mh. Since we require that no
tachyons are present in this vacuum, it is a local minimum of the potential. However, it
is not guaranteed that it is a global minimum; some of the other vacua may have lower
energies, in which case the realistic vacuum would be unstable with respect to tunneling
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into these lower-lying ones. The vacuum energy in the realistic vacuum is2
Vr = −λ2m
4
Z sin
2 2β
4g4
− m
4
Z cos
2 2β
4g2
− κ
2µ4
λ4
− κAκµ
3
3λ3
− 1
2
µv2
[
2µ− sin 2β
(
Aλ +
2κ
λ
µ
)]
. (2.10)
To evaluate the stability of this vacuum, we compute the energies of the other, “unrealistic”
vacua, Vui, by numerically solving the potential minimization equations (2.3). If Vr is found
to be close to the lowest-lying Vui, the situation is somewhat ambiguous, for two reasons.
First, our analysis is tree-level only, and loop corrections may affect the relative depths of
the vacua and reverse the hierarchy. Second, even if Vr lies above one of the unrealistic
minima, it may still be metastable, potentially with lifetime longer than the age of the
universe. A detailed analysis of these issues is beyond the scope of this work; here, we take
a conservative approach and accept points with Vr > Vui as long as they are relatively close
to each other. The points are rejected only if
Vr − Vu,min > δ (|Vr|+ |Vu,min|) and |Vr| > δ v4, (2.11)
where Vu,min is the lowest of the unrealistic potentials, and δ is a numerical constant
(roughly, a fractional difference between Vr and Vu,min). In the following sections, we
assume δ = 0.2; we checked that varying this parameter within a reasonable range does
not affect our conclusions. The second condition, |Vr| > δ v4, is necessary because the loop
correction to Vr is not expected to be  Vr if Vr is accidentally close to zero. (Indeed, an
additive constant can always be added to the potential.) Instead, the expected size of the
loop correction is roughly δVr ∼ Lv4, where L is the loop factor. If Vr and Vu are both
close to zero, their order can be reversed by loop corrections even if the first condition
in (2.11) is satisfied. We conservatively accept such points, but tag them to indicate that
the stability of the realistic vacuum is uncertain (see section 5).
3 Quantifying fine-tuning
As a quantitative measure of naturalness, we use the sensitivity of the (SM-like) Higgs
mass to the underlying Lagrangian parameters:3
∆ = max
i
∣∣∣∣∂ logm2h∂ log pi
∣∣∣∣ , (3.1)
where i runs over the 7 Lagrangian parameters in (2.2). Note that m2h is obtained by
diagonalizing the matrix (2.6), in which the Lagrangian parameters m2u, m
2
d and m
2
S have
2Eq. (2.10) corrects typos in some of the coefficients of eq. (28) of ref. [7].
3Note that the underlying parameters used to measure fine-tuning are defined at the weak scale, not
a high scale as is customary in the MSSM literature. A purely weak-scale measure of fine-tuning in the
MSSM has been advocated in [55–57], and its relation to the traditional measures was discussed in [58].
In λ-SUSY, no perturbative extrapolation to high scales is possible, leaving weak-scale tuning as the only
available measure.
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been swapped for mZ , tanβ, and s. In this form, the chain rule should be used to compute
the derivatives in eq. (3.1): for example,
∂ logm2h
∂ logAλ
=
∂ logm2h
∂ logAλ
|mZ ,tβ ,s +
(
∂ logm2h
∂mZ
|tβ ,s
)(
∂mZ
∂ logAλ
)
+(
∂ logm2h
∂tβ
|mZ ,s
)(
∂tβ
∂ logAλ
)
+
(
∂ logm2h
∂s
|mZ ,tβ
)(
∂s
∂ logAλ
)
, (3.2)
where tβ ≡ tanβ. Note that this fine-tuning measure implicitly includes the sensitivity of
the weak scale v to the Lagrangian parameters, via derivatives such as ∂mZ∂ logAλ in the above
expression.
A convenient way to compute the derivatives of mZ , tβ, and s with respect to
Lagrangian parameters is to use the constraint that the minimization conditions (2.3)
must continue to hold under variations of the input parameters [6, 59]. This yields
δEj =
∑
i
∂Ej
∂ξi
δξi +
∂Ej
∂m2Z
δm2Z +
∂Ej
∂tβ
δtβ +
∂Ej
∂µ
δµ = 0 , (3.3)
for j = 1 . . . 3, where i runs over the fundamental parameters listed in eq. (2.2). These
three equations can be solved for δm2Z , δ tanβ, and δs. Defining
∂Ej
∂ξi
= Pij ,
∂Ej
∂m2Z
= Zj ,
∂Ej
∂ tanβ
= Tj ,
∂Ej
∂µ
= Mj , (3.4)
we obtain, for example, the derivatives of mZ with respect to Lagrangian parameters:
∂ m2Z
∂ log ξi
= ξi
δm2Z
δξi
= −ξi
∑
jkl 
jkl PijTkMl∑
jkl 
jkl ZjTkMl
. (3.5)
The derivatives of tβ and s are obtained through permutations of M,T,Z.
It is important to remember that the measure used here is only sensitive to fine-tunings
in the tree-level potential. There may be additional sources of fine-tuning at loop level, for
example large loops in the top sector if stops are heavy. This tuning would not show up
in ∆. The correct interpretation of ∆ is as the minimal amount of fine-tuning possible for
a given parameter point, regardless of the stop masses and other parameters entering only
at loop level.
4 A simple limit: tanβ = 1
We first consider the limit tanβ = 1. In this limit, theM212,M223 entries of the Higgs mass
matrix vanish, see eq. (2.6). The heavier, non-SM-like Higgs doublet completely decouples,
as preferred by the LHC data. Another strong motivation for considering this limit is its
simplicity: the Higgs sector effectively consists of two fields, h0v and h
0
s, and almost all
relevant calculations are analytically tractable. The insights obtained in this analysis carry
over to the more complicated case of tanβ 6= 1, which has to be treated mostly numerically
and will be considered in the next section.
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The first simple observation is that the doublet diagonal mass2 term, M211 = λ2v2, is
larger than m2h = (126 GeV)
2, throughout the interesting parameter space of λ-SUSY [5].
This means that an admixture of a singlet in the 126 GeV state is not just generic, but is in
fact required in this model. Furthermore, obtaining a 126 GeV Higgs requires fine-tuning
among the elements of the mass matrix, especially at large λ [7, 8]. This can be most easily
seen by considering the limit M211  m2h. In this limit,
m2h ≈M211 −
M413
M233
. (4.1)
The two terms on the right-hand side have to cancel with precision of order m2h/M211 =
m2h/
(
λ2v2
)
. For example, for λ = 2.0, this corresponds to roughly 15% fine-tuning. How-
ever, such an estimate constitutes just a starting point. The cancellation in eq. (4.1) can
in fact be natural if the two terms are correlated by the underlying theory. On the other
hand, additional fine-tuning may be required in order to get the required values of theM2
matrix elements from the potential. In order to address these issues, fine-tuning needs to
be measured with respect to Lagrangian parameters, as explained in section 3. In addition,
this simple estimate does not take into account various constraints, discussed in section 2,
which can increase the fine tuning by ruling out the naively most natural parts of the
parameter space. As we will see, this situation is in fact generic, so that including the
constraints is crucial for understanding the amount of fine-tuning required.
With tanβ = 1, the theory is described by the remaining four parameters in eq. (2.8).
The main focus of our analysis is on understanding the correlation between the singlet
fraction S of the 126 GeV Higgs and fine-tuning. The singlet fraction is given by
S = | sinφ|2, (4.2)
where φ is the mixing angle between the doublet and the singlet. In terms of the funda-
mental model parameters,
φ = arctan
λ2v2 −m2h
2λv
(
(λ− κ)s− 12Aλ
) . (4.3)
This can be used to eliminate one of the model parameters in favor of S. We choose to
eliminate Aλ.
4 To analyze the behavior of fine-tuning as a function of S, we fix λ and plot
the fine-tuning contours, as well as constraints, in the κ− s plane, for several values of S.
For example, figure 3 shows a series of plots for λ = 2.0.
The main conclusion is that the minimal required fine-tuning increases with decreasing
singlet fraction in the 126 GeV Higgs. In other words, the most natural regions of the
parameter space have a large singlet admixture in the 126 GeV state, and are already
in tension with the LHC data. Further improvements of the Higgs rate measurements
will either yield a deviation from the SM, or increase the amount of fine-tuning required
in λ-SUSY.
4For any given {λ, κ, s, S}, solving eqs. (4.2) and (4.3) results in two possible values of Aλ, each of
which is in turn associated with one Ak. On the other hand, the model is invariant under {s, Aλ, Ak} →
{−s, − Aλ, − Ak}, so that only half of the s plane needs to be considered to find all physically distinct
solutions. In figure 3, we plot one of the {Aλ, Ak} solutions in the lower half-plane (s < 0), and the other
solution in the upper half-plane (s > 0).
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Figure 3. Constraints (left) and fine-tuning (right) in the κ − s plane, for λ = 2, tanβ = 1 and
different values of the singlet fraction S: from top to bottom, S = 40%, 15% and 5%. On the
constraints plots, allowed regions are shown in white; regions excluded due to instability of the
realistic EWSB minimum are shown in purple; while regions excluded due to presence of tachyonic
scalar states and/or experimental constraints are shown in green (for details, see section 2). On the
fine-tuning plots, lighter colors represent less tuned regions.
This behavior can be qualitatively understood from two observations. First, from
eq. (4.3), it follows that, once mh and λ are fixed, a decrease in the mixing angle φ can
only be achieved by raising the dimensionful parameters s and/or Aλ. This introduces a
hierarchy between these terms and the doublet vev v and therefore leads to fine-tuning.
Second, this tension is further increased when constraints on the parameter space are taken
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Figure 4. The “anomalous” allowed region in the κ−s plane, for tanβ = 1 and two representative
values of the singlet fraction. The same color code as in figure 3 is used. No anomalous region was
found for 5% mixing.
into account. Figure 3 shows that as S is decreased, the regions allowed by the constraints
shift towards larger values of the singlet vev |s|, increasing the hierarchy of scales and
therefore fine-tuning. It turns out that the most important constraints for understanding
the observed behavior are the requirement of the positive CP-odd Higgs mass2, and the
stability of the realistic minimum. The first of these constraints can be approximated as
κ2s2 +
(
1− 1
2S
)
λ2
(
v2 −m2h
)
& 0 . (4.4)
This formula was obtained analytically by expanding the CP-odd mass matrix at large s and
small κ, and it provides a very good approximation to the exact constraint curves plotted
in figure 3. Using this formula, the correlation observed earlier is easy to understand: for
large mixing, the constraint can be satisfied with s ∼ v, while for small mixing, a hierarchy
s v is required, leading to fine-tuning.
In addition to the sizable “bulk” allowed regions clearly visible in figure 3, an additional
narrow strip of parameter space is allowed for small s, of order 50 GeV, and positive κ. This
“anomalous” region is difficult to see in figure 3 and is shown in figure 4, which shows a
zoom into the appropriate part of parameter space. If indeed viable, this anomalous region
would be the most attractive part of the model parameter space from the point of view
of naturalness. However, its viability is far from certain. In this region, the energy of the
realistic vacuum Vr is accidentally close to zero: Vr  v4. For any choice of parameters,
the theory has an unrealistic vacuum with vu = vd = s = 0, and the energy of that
vacuum is always Vu = 0. In the anomalous region, our conservative criterion, eq. (2.11),
indicates that the realistic vacuum could be stable, but the realistic and unrealistic vacua
are sufficiently close in energy that their order may well be reversed by loop corrections.
An analysis of the full one-loop potential is required to clarify the situation. In addition,
the anomalous region is characterized by low (∼ 100 GeV) values of µ, and therefore light
charginos. Given the large values of λ we are interested in, the loops of these particles can
have a significant effect on the Higgs branching ratios [60, 61], which were not taken into
account in our fits. We defer a detailed analysis of the viability of this anomalous region
to future work.
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5 Numerical analysis
For general tanβ, the non-SM-like Higgs doublet H0v does not decouple, and the full system
of the three CP-even Higgs fields needs to be considered. In this situation, we use a
numerical scan of the parameter space to study the correlation between the singlet fraction
S and the degree of fine-tuning. We find that the correlations found in the tanβ = 1 case
of the previous section still apply.
To generate points for the numerical scans, we first fix λ = 2.0, and choose the other
four parameters listed in eq. (2.8) randomly, within the boundaries specified in section 2.
(The slightly asymmetric treatment of λ and the other parameters is chosen for ease of
comparison with the tanβ = 1 limit.) The points were assumed to be distributed linearly in
κ and tanβ and log-linearly in the dimensional parameters, s and Aλ. While these choices
provide a comprehensive coverage of parameter space, they are not physically motivated;
as a result, variations in the relative density of points on the scatter plots below have no
physical significance. The only robust and physically relevant features are the boundaries
of the populated and unpopulated regions.
Fine-tuning and the composition of the 126 GeV Higgs are evaluated numerically for
each point. The correlations between fine-tuning ∆ and the fractions of the singlet and
the non-SM doublet in the 126 GeV scalar are shown in the scatter plots of figure 5. We
discard points that fail any of the conditions listed in section 2, with the exception of
the LHC bounds on Higgs couplings. Points that are excluded by the LHC Higgs fits at
95% c.l. but satisfy all other constraints are plotted in pink, while points that are allowed
by these fits in addition to the other constraints are plotted in green or yellow. The yellow
points are selected by the condition |Vr| < 0.2v4, indicating potential instability of the
realistic vacuum. We checked that all such points with low fine-tuning (less than 100) are
characterized by s < 100 GeV, and so belong to the anomalous region discussed at the
end of the previous section.5 As we already explained, while this region is intriguing, its
viability is questionable. Thus, in the rest of the discussion, we will ignore the yellow points
in the scan and focus on the points falling in the bulk allowed regions of the parameter
space, selected by Vr ≤ −0.2v4 and shown in green, in which vacuum stability and all other
constraints are robustly satisfied.
Two conclusions can be drawn from examining these points. First, the least fine-
tuned regions of λ-SUSY parameter space are already ruled out by the LHC Higgs rate
measurements. As discussed in the previous section, one would naively expect that about
15% fine-tuning is required to obtain a 126 GeV Higgs for λ = 2. Our scan contains many
points with fine-tuning at this level, but none of them satisfy the current LHC bounds. The
points that are still allowed have fine-tuning at the level of 2–3% at best, and most of the
parameter space probed by our scans requires tuning at sub-per-cent level. Second, among
the allowed points, there is a clear trend for fine-tuning to get higher as the singlet and
doublet admixtures in the 126 GeV state decrease, i.e. as the Higgs becomes more SM-like.
5The anomalous region disappears for larger tanβ, due to the LHC upper bound on the non-SM doublet
fraction in the Higgs, D. For tanβ ≈ 1, D is small regardless of the H0v mass. For larger tanβ, suppressing
D requires raising the H0v mass, which is not possible in the anomalous region.
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Figure 5. Fine-tuning vs. the singlet fraction S (left) and the non-SM doublet fraction D (right)
in the 126 GeV scalar, for λ = 2 and various ranges of tanβ. Green points satisfy all constraints,
while pink points satisfy all constraints except the LHC Higgs couplings fit. Points shown in yellow
satisfy all constraints, but lie in the “anomalous” region where loop corrections can be important
for definitively establishing vacuum stability as well as consistency with LHC Higgs data.
For the singlet fraction, this is precisely the trend that was observed for tanβ = 1 in the
previous section. Numerical scans confirm that this behavior persists for all tanβ, and
that it applies to the non-SM doublet fraction (which is identically 0 for tanβ = 1) as well.
Another interesting feature in the scatter plots of figure 5 is that points with larger
values of tanβ are systematically less fine-tuned. This is expected: the SM-like Higgs
mass2 before mixing is given by
M211 = λ2v2 sin2 2β +m2Z cos2 2β . (5.1)
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Figure 6. Fine-tuning in the plane of SM-like Higgs mass before mixing and singlet fraction. Red,
green, and cyan regions correspond to ∆ < 100, 100 < ∆ < 300, and ∆ > 300 respectively.
As discussed in the previous section,M211 is generally too large for λ = 2, and mixing with
other states is required to bring the Higgs mass down to the required mh = 126 GeV, re-
sulting in fine-tuning. SinceM211 decreases with increasing tanβ, the required cancellation
is milder. To further illustrate this point, figure 6 shows fine-tuning in the plane of
√
M211
and the singlet fraction. Lower fine-tuning is clearly correlated with both a lower
√
M211
and a larger singlet fraction. Note however that tanβ cannot be increased beyond 4 or so,
due to precision electroweak constraints, so only a modest improvement in fine-tuning can
be achieved.
It is also instructive to study the behavior of fine-tuning as λ is varied. To do this,
we repeated the scans, this time including λ among the scanned variables. The results
are shown if figure 7. The overall level of fine-tuning is clearly lower for lower λ. This
trend has the same origin as the trend for lower fine-tuning at larger tanβ: reducing λ also
reduces the F-term contribution to M211, making it easier to obtain a 126 GeV eigenstate.
Of course, it should be emphasized that this statement only applies to the tree-level fine-
tuning measured by ∆. As stressed in the Introduction, the fine-tuning associated with
top sector loop corrections scales as ∼ (g/λ)2, and thus increases when λ is decreased.
The tendency of these two effects to move in opposite directions when λ is varied has
already been noted in ref. [8]. The main features noted above for λ = 2, the negative
correlation of fine-tuning with the singlet fraction and the fact that the most natural part
of the parameter space is ruled out by the LHC Higgs data, persist for λ >∼ 1.6, but are
lost at lower λ where points with essentially no (tree-level) fine-tuning and small singlet
fractions can be found. It should also be noted that as λ decreases, the value of S for
which fine-tuning is minimized also decreases; this simply reflects that as the tree-level
mass decreases, a smaller amount of mixing with the singlet is required to reach 126 GeV.
Finally, to study the importance of loop corrections, we repeated the scans including
the top/stop one-loop contribution to the CP-even Higgs mass2 matrix with a stop mass
of 1 TeV and no mixing. We find that all qualitative features discussed above remain un-
changed, while the overall level of fine-tuning is slightly higher. An example of this is
shown in figure 8. This behavior is easily understood: the top/stop loops give an addi-
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Figure 7. Correlation of the Higgs singlet fraction and fine-tuning, for four ranges of the λ
parameter. Color code is the same as in figure 5, and there is no restriction on tanβ. Anomalous
points have been removed from the scans.
Figure 8. Correlation of the Higgs singlet fraction and fine-tuning, for λ = 2 and tanβ ∈ [2, 3].
Left: tree-level analysis, same as figure 5. Right: same analysis, but including the top sector one-
loop correction to the up-type Higgs mass. Stop masses of 1 TeV and no mixing are assumed. Color
code is the same as in figure 5.
tional positive contribution to M211, requiring a stronger cancellation to obtain a 126 GeV
eigenvalue (see, for example, eq. (4.1)). Since the stop contribution is subdominant com-
pared to the large tree-level entries in the mass matrix for large λ, the overall increase in
fine-tuning is correspondingly small: in this case, less than a factor of 2 for 1 TeV stops.
The fine-tuning is expected to increase with increasing stop mass. Again, we emphasize
– 16 –
J
H
E
P04(2014)108
that ∆ measures only the sensitivity to tree-level parameters, so that this fine-tuning is in
addition to the well-known fine-tuning due to the sensitivity of the weak scale to the stop
mass at loop level.
At the one-loop level, the weak scale in the NMSSM is also sensitive to the singlet Higgs
soft masses and A-terms through the terms ∝ λ2 in the renormalization group equation for
m2Hu . This can provide an additional contribution to fine-tuning. Explicitly, at one loop
these terms have the form [2]
dm2Hu
dt
=
λ2
16pi2
(
m2Hu +m
2
Hd
+m2S +A
2
λ
)
+ . . . . (5.2)
Here t = lnQ2, where Q is the renormalization scale. We checked that, in allowed regions
of parameter space of our model, such terms produce the contribution to m2Hu which is of
the same order as, or smaller than, the stop loops. Thus we do not expect them to affect
qualitative conclusions of this paper.
6 Projections for future experiments
We have already seen that the current LHC bounds on Higgs couplings have significant im-
plications for naturalness of the λ-SUSY model. In the coming years, precision of the Higgs
coupling measurements will improve dramatically. LHC experiments at 14 TeV center-of-
mass energy will collect large samples of Higgs decays in many channels. In addition,
electron-positron colliders with energies sufficient to produce and study the Higgs boson
have been proposed, such as the ILC [16] and TLEP [62]. Such colliders offer a prospect
of very precise determination of many of the Higgs couplings. In this section, we explore
potential implications of such measurements for λ-SUSY.
The precision of Higgs coupling measurements achievable in future experiments was es-
timated by the Higgs working group at the 2013 Snowmass Community Planning Study [63].
In figure 9, we show the 95% c.l. sensitivity of future experiments to singlet and non-SM
doublet admixture (for a representative value of tanβ = 2.0) in the 125 GeV Higgs, as-
suming that no other new physics significantly affects the measurement. For the LHC
plots, we use the most optimistic of the CMS and ATLAS projections from [63] in each
case. The ILC plot corresponds to a combination of ILC-250 with 250 fb−1 and ILC-500
with 500 fb−1, while the TLEP plot corresponds to a combined 10 ab−1 at 250 GeV and
2.6 ab−1 at 350 GeV. Again, in both cases, we use the projections made in [63]. In these
estimates, we treat measurements of various Higgs couplings as statistically independent.
The singlet fraction sensitivity is dominated by the WW/ZZ coupling measurements, while
the doublet fraction sensitivity comes primarily from the measurement of the coupling to
b quarks.
Comparing figure 9 with the results of the previous section, it is clear that future exper-
iments will either discover non-SM Higgs couplings, or constrain λ-SUSY to progressively
more unnatural regions of its parameter space. For example, for λ = 2 and tanβ between
2 and 3, tree-level fine-tuning of at least about 1% would be implied by non-observation of
deviations from the SM at LHC-14 with 300 fb−1; this bound would become about 0.3% at
the LHC with 3000 fb−1 or the ILC, and reach 0.1% at TLEP. The situation is similar in
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Figure 9. Projected 95% c.l. sensitivity of future and proposed collider experiments to the singlet
and non-SM doublet admixture in the 125 GeV Higgs. We assumed tanβ = 2.0.
other tanβ bins. We emphasize that these fine-tuning bounds are completely independent
of the stop masses, and would therefore apply even in scenarios where direct stop searches
are particularly difficult.
7 Conclusions
The NMSSM provides an attractive possibility to realize supersymmetry at the weak scale,
consistent with the LHC discovery of a Higgs boson at 126 GeV. At the same time, in the
λ-SUSY regime, it can also address the tension between naturalness and non-observation of
superpartners at the LHC. The lower bounds on stop masses have now been pushed beyond
the ∼ 500 GeV bound where the minimal supersymmetric model can be completely natural,
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at least for simple spectra with light LSPs. In λ-SUSY, the fine-tuning is reduced by a factor
∼ (g/λ)2 compared to the MSSM with the same stop mass, so that the current bounds
are not necessarily in conflict with naturalness. This prompts a serious consideration of
this model.
Unfortunately, with the discovery of a SM-like Higgs at 126 GeV, large values of λ
introduce an additional fine-tuning, an anomalous sensitivity of the Higgs mass to the
tree-level potential parameters. This is due to the simple fact that the tree-level potential,
for large λ and moderate tanβ, produces a doublet Higgs mass well in excess of the observed
126 GeV, which then needs to be cancelled by mixing the doublet and singlet Higgs states.
In this paper, we showed that this tree-level fine-tuning is even stronger than naively
expected, when the LHC bounds on the Higgs couplings are taken into account. The
measured Higgs couplings are consistent with SM predictions, placing tight bounds on the
possible mixing with a singlet or a non-SM doublet Higgs states. In λ-SUSY, such mixing
is generic. Once the constraints needed to ensure viability of the model (such as absence
of tachyons and stability of the EWSB vacuum with respect to tunneling into lower-lying
vacua) are imposed, the mixings can only be made small at the expense of an additional
fine-tuning. The current LHC bounds already imply tree-level fine-tuning at the level of
2–3% at best for λ = 2.0. (For smaller λ, the tree-level fine-tuning can be reduced, but
only at the expense of re-introducing fine-tuning with respect to the stop mass at one-
loop level.) Moreover, a strong negative correlation exists between deviations of the Higgs
couplings from SM and the required fine-tuning. Any further improvement in the Higgs
coupling measurements would either yield a discovery of a deviation from the SM, or rule
out the most natural remaining parameter regions of λ-SUSY. This adds to the already
long list of motivations to measure these couplings as precisely as possible.
Interestingly, we found a small part of the model parameter space, the “anomalous
region”, where relatively small fine-tuning (of order 10% or less) seems to be achievable.
However, viability of this region can only be established definitively if loop-level corrections,
both in the scalar potential and in the Higgs couplings to photons and gluons, are included.
We leave such an analysis for future work.
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